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Abstract

The rapid progress in mass storage technology is enabling designers to implement
large databases for a variety of applications. The possible configurations of the hier-
archical storage structures (HSS) are numerous and result in various tradeoffs, e.g.,
storage cost, throughput, initial latency, etc. A naive design might waste system re-
sources and result in high cost. For example, one naive design decision is to add
disk caches for those applications whose bandwidth is already satisfied by the tertiary
storage device and can tolerate a high latency.

In this study, we introduce a configuration planner for HSS in support of video-on-
demand applications. The input to the planner are the number of simultaneous displays
required by the target application (i.e., throughput), database size, and expected pat-
tern of access to the objects. It's output are the choice of mass storage devices at each
level of the hierarchy. The resulting configuration supports the application require-
ments at a minimum cost per display. It is possible to extend this study to consider
other application requirements, such as: initial latency and storage reliability. More-
over, the presented concepts can be generalized to scientific applications, such as those
described in [3].

1 Introduction

Multimedia information systems, such as video-on-demand applications, are data intensive
applications that are benefiting the most from the rapid progress in mass storage technology.
One of the main design challenges of hierarchical storage structures (HSS), in support
of video-on-demand application, is to guarantee continuous display of video objects at a
minimum cost. To support continuous display, it is necessary to retrieve and display data at
a pre-specified rate, otherwise, the display will suffer from frequent disruptions and delays,
termed hiccups. To minimize the system cost, it is necessary to use the correct mixture of
mass storage devices for a given target application requirements. For the past few years,
techniques have been developed to support continuous display from disks, see [11, 1, 6, 8]
for details. This study is an extension of those studies.
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The remainder of the paper is organized as follows. In Section 2, we present a display-
caching technique to support continuous display using tape libraries. In Section 3, we
describe a configuration space of our planner. Finally, in Section 4, we describe a number
of possible future extensions.

2 Continuous Display using Tape Libraries

Similar to magnetic disks, tape juke boxes are mechanical devices. However, the character-
istics of a tape juke box is different from that of a disk drive [2, 10, 9]. The typical access
time to data from a magnetic disk drive is in the order of milliseconds, whereas with a tape
juke box, due to the overhead of mounting and dismounting tapes from the drives and its
sequential nature, latency times in the order of seconds (minutes) is not uncommon. Due to
the long latency time associated with tape access and due to the mismatch between the tape
production rate D, and the display consumption rat&,(i.e., Production Consumption
Ratio [7], PCR = D%), it is necessary to use caching to simulate continuous display from
tapes. Otherwise, the display may suffer from hiccups. This display-cachi©igy ghould
not be confused with object-cachin@'). With OC', complete objects are cached at dif-
ferent levels of the hierarchy to minimize the number of references to the slower devices in
the hierarchy. Whereas withC', the cache is used to bridge the gap between the retrieval
behavior of tapes and the display requirement of the objects to guarantee a continuous dis-
play. Here, we focus oW C to describe: 1) how much data should be cached (prefetched)
to guarantee continuous display from tape libraries, 2) where to maintain the cached data?,
and 3) when the display should start? In the rest of this section, we address these three
topics. We start with a brief description of the physical characteristics of the tape libraries.

Tape devices may operate in either multiplexing mode or streaming mode (non-
multiplexing) [7, 12]. In the multiplexing-mode, data transfer is interrupted in the middle
of an object retrieval to retrieve portions of other objects. The tape drive must locate the
data by performing a sequential seék(,.,) and possibly dismount the tape cartridge
in the tape drive and mount another in its pla@g.(:.,) to access other objects. These
actions increase the wasteful work performed by the tape driveXk&n.r, aNdTsyiten),
and increase the wear and tear of the tape device. In the streaming-mode, the tape drive
retrieves one object at a time, and, hence, at mostigng., andTs,., are performed
per object retrieval. Here, we only consider operating the tape device in streaming-mode.
(Note: the cost/stream might be lower when using multiplexing-mode.)

We describe display-caching requiremed& (_requirement) for continuous display
using tape libraries for two possible cases: the transfer rate of the tape drive is either 1)
lower (PCR < 1), or 2) higher than the bandwidth required to display an objB¢tg >
1). For each case, we consider the use of memory display-cachiigtemory) and hi-
erarchical display-cachingXC _hierarchical), where DC _hierarchical consists of disk
cache DC _hierarchicalp) and main memory caché(C _hierarchicaly;). In our evalu-
ation, we make the following assumptions:

e Data layout is contiguous on the tape, to facilitate long transfers.

e Atape juke box consists of one read/write drive, one tape switching mechanism (e.g.,
one robot arm), and a number of tape cartridges.
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e Tape access timé ..., t0 an object is the sum of average.,,., andTscqch-

e All objects belong to a single media type, where the display requirement of an object
is C' and its size i$).

When PCR < 1, it is necessary to caché - PCR) of the object before start-
ing its display. This is the minimum amount of caching required to guarantee hiccup
free displays, as specified by the pipelining technique [7], & _requirement =
(1 — PCR) x O. With main-memory cachingDC_requirement is maintained in the
main memory PDC_memory = DC _requirement); whereas with hierarchical-caching,

DC _requirement is maintained on disk[QC _hierarchyp = DC _requirement). The
amount of main memory required for hierarchical caching is 4 blocks: 2 blocks for the
retrieval from tape onto disk, and 2 blocks for display from diB}C(hierarchyy, = 4
blocks), where a block size is equal to a disk block.

WhenPCR > 1, the production rate is faster than the consumption rate and the display
of the object may start as soon as the first portion of the object is retrieved (the size of the
first portion is a disk block size). The climax of the caching requirement for one object
retrieval is immediately after the completion of its retrieval. The size of this cache space is
the difference between the object size and the portion of the object that has been displayed
in parallel to its retrieval)) — (D% x C).

It might be possible to retrieve other objects from the tape while displaying the first
object from cache. Similar to the first case, the climax of the cache requirement for the
second object i®) — (D% x C). This is reached after performing a tape acc&ss.{;;)
and an object transfer%). Therefore, the total cache space requirement increases by
(O — (D% X C)) = (Taccess + D%) x C'. The minimum cache space required to guarantee
continuous display for som&; streams is:

Np—1
. z O
DC _requirement = kz::() (1- PC’R) X O = k(T gccess + D—T) x (). Q)

The maximum number of simultaneous displays from the cache spaceis: Ny =
Maz(1, |22 ]), whereBr is the effective bandwidth of the tape drivéy = O

Thccess+ 72

With main-memory cachin@C_memory = DC _requirement, and with hierarchical
cachingDC' _hierarcicalp = DC _requirement. The main memory requirement for hier-
archical caching is equal v, + 1 blocks (for the display of théV; streams from a disk
cache), and some memory for the retrieval of the data from tape onto disk. Assuming that
the main memory can flush data to the disk at the same speed as the transfer rate of the
tape (or faster), then the amount of main memory for object retrieval from tape onto disk
is 2 blocks per disk. Therefore, the total amount of main memory required for hierarchical
caching isN + 3 blocks, for a single disk cache.

3 Configuration Space

For the purpose of this evaluation, we make the following assumptions:
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[ N ] 50Ghbyte [ 100 Ghbyte

500 Ghyte | 1Tbyte ] 5Thyte | 10 Thyte

10 ny =1 ny =1 ny =1 ny =1 ny =1 ny =1
np =6 np =3 np =3 np =4 np =5 np =4

np =1 np =1 np =2 ny =6 ny =11

50 ny = 2 ny =3 ny =3 ny = 2 ny =3 ny =3
np =6 np =11 np =24 np = 10 np = 16 np =19

np =1 np =2 ny =6 ny =11

100 ny =4 ny = 4 ny =5 ny =5 ny =3 ny =6
np =6 np =11 np = 38 np =44 np = 20 np = 30

ny =1 ny =2 ny =6 ny =11

250 ny =9 ny =9 ny = 10 ny = 11 ny = 12 ny = 11
np =9 np =11 np = 50 np = 81 np = 51 np = 63

ny =1 ny =2 ny = 16 ny =11

500 ny = 17 ny = 17 ny = 18 ny = 19 ny = 22 ny = 22
np =18 np = 18 np = 56 np = 99 np = 101 np = 101

ny =2 ny = 32 ny = 32

750 ny = 25 ny = 25 ny = 27 ny = 28 ny = 33 ny = 33
np =27 p =27 np = 56 np =111 np = 148 np = 148

np = 47 np = 47

1000 ny = 33 A 33 ny = 34 ny = 39 ny = 45 ny = 44
np = 36 np = 36 np = 56 np =111 np = 420 np = 198

ny =6 ny = 63

2500 ny = 82 ny = 82 ny = 82 ny = 84 ny = 95 nyr = 108
np =90 np = 90 np = 90 np =111 np = 509 np = 908

ny =6 ny =11

5000 ny = 732 ny = 163 ny = 163 ny = 163 ny = 174 nyr = 190
np =0 np =179 np =179 np =179 np = 556 np = 1022

ny =11

7500 ny = 732 ny = 243 nyr = 243 ny = 243 nyr = 261 nyr = 278
np =0 np = 268 np = 268 np = 268 np = 556 np = 1111

10000 | mpr = 732 nyr = 1473 nyr = 325 ny = 325 nyr = 331 nyr = 348
np =0 np =11 np = 358 np = 358 np = 556 np = 1111

Table 1: Configurations space, using Zipf distribution with d=0.271.

e The database consists of single media type, whete 0.5 Mbyte/sec and) = 3.6
Ghyte.

e The database adheres to a strict memory inclusion policy; such that objects on main
memory are a subset of the objects on secondary memory, and objects on secondary
memory are a subset of objects on tertiary memory (R€’ adhere to strict inclusion

policy).

e When available on multiple memory levels, objects are displayed from the fastest
memory level only, even when the other memory levels are idle.

e Main memory consists of 64 Mbyte DRAM modules, where the cost of a module is
~ 400.

e Secondary memory consists of 9 Gbyte disk drives, where the cost of a drive is
~ 1500. To support continuous display, we assume that disk drives are configured
with 2 Mbyte blocks and each disk supports 28 simultaneous displays.

e Tertiary memory consists of 980 Ghyte tape juke boxes, where the cost of each juke
box with its cartridges is¢ 10,000. Tape access time is 82 secon@g,...; = 82,
and transfer rate is 10 Mbyte/sde; = 10. We assume hierarchical caching, and the
maximum number of streams that can be supported by the cache space is 16 displays.

In Table 1, we show HSS configurations for a range of database sizes (from 50 Gbyte
up to 10 Thyte), and a range of desired throughput (from 10 simultaneous displays up to
10,000 displays). For every given database size and desired throughput, the number of
storage modules required to hold the database and support continuous display are shown,
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wheren,,, np, andnr are the number of memory modules, disks, and tape juke boxes.
We use Zipf distribution to model the access pattern to the HSS, where the frequency of
access to an objegtis defined to be'(j) = JIL_d (c is the normalization constant amd
controls access frequency drop off). Weéet 0.271 to closely match movie rental access
pattern [4].

In Table 1, for a range of databases (i.e., 500 Gbyte to 10 Thyte) and low throughput
requirements (i.e., 10-100 displays, depending on the database size), it is not necessary to
use disk caches to store complete objects, i.&€)@ds required. The basic tape bandwidth
is sufficient for the application requirement. As mentioned earlier, sbiies required to
guarantee the continuous display from the tape libraries. However, for the given databases,
as the throughput requirement increases, the references to the working set increases and the
tapes might become a bottleneck. In this case, it is possible to either: 1) add more disks
and/or memory to cache the working set (i@(’), or 2) add more tapes and tape drives
(i.e., tape replication). For large databases, the later provides the most cost effective solu-
tion for low throughput requirements (up to 1000 displays). However, displaying directly
from tapes has the following disadvantages: 1) high initial latency, 2) support for video-
on-demand functionality becomes complex. Therefore, the utility of displaying directly
from tapes is limited by the type of application being considered. For higher throughput
requirementsQOC' on disks provides the best solution for a wide range of requirements,
whereas)C on main memory provides the best solution for small databases and very high
throughput requirements (e.g., 100 Gbyte and 10,000 display).

4 Future Work

As part of our future research, we will consider the following extensions. First, our current
focus was on optimizing for cost per display. It is possible to extend our configuration
planner to consider other application requirements, such as initial latency and storage re-
liability. For example, we expect that storage reliability to be inversely proportional to

the data access from tertiary devices [5], and, hence, tape devices should be accessed less
frequently. Second, we plan on studying the effects of a changing data access pattern and
database size on the optimal configuration. Finally, we plan on studying the performance
effects of data placement on tapes.
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